ABSTRACT
INTRODUCTION

36
The virulence of a wide variety of Gram-negative bacterial pathogens requires the mM NaCl, 10 mM HEPES, pH 7.5, and 10 mM βME). Purified YscDc was cleaved with a 50:1
102
YscDc:PreScission protease mass ratio in buffer B to remove the His-tag, and the cleaved sample through of the column, and concentrated by ultrafiltration using a YM-3 Centricon to 7.5 106 mg/mL; the concentration of YscDc was determined using a calculated ε 280 of 12,490 M -1 cm -1 .
107
In certain cases, the order of steps was varied, such that the size-exclusion chromatography step order of steps. Selenomethionine (SeMet) was incorporated into YscDc as described previously
112
(55), and SeMet-labeled YscDc was purified as above.
114
Crystallization, data collection, and structure determination. Crystals of unlabeled and (Table S1 ).
123
Data from native and Se-Met crystals were indexed and scaled using HKL2000 (42).
124
Two molecules of YscDc were located in the asymmetric unit. Four SeMet sites (Met1 and
125
Met50 from each chain) were located using the hybrid substructure search (HYSS) in the
126
program Autosol of the Phenix suite, and phases were calculated and refined using Phenix (1). an additional 4 h.
171
To visualize secreted proteins, the bacterial supernatant was filtered (0.22 μm filter,
172
Millipore), precipitated overnight by the addition of 10% trichloroacetic acid (TCA).
9
Precipitated samples were centrifuged (5,000 x g, 5 min, 4 °C) and the pellet washed with ice-174 cold acetone. Pelleted proteins were air-dried, resuspended in SDS-PAGE sample buffer 175 supplemented with 40 mM NaOH, boiled for 5 min, and separated by SDS-PAGE.
176
For Western blot analysis of expressed proteins, 3 mL of bacterial culture at an OD 600 of 
191
As a loading control, RpoA was detected on the same membrane that had been probed for NaCl, 50 mM sodium phosphate buffer, pH 8.0, 10 mM βME) supplemented with EDTA-free 217 protease cocktail inhibitor (Roche) (one tablet per 250 mL of original bacterial culture).
11 passes at 15,000 psi, and the lysate was clarified by centrifugation (14,000 x g, 10 min, 4 ºC). 
226
The protein-bead complexes were prepared for mass spectrometry as described 227 previously (21). They were diluted in TNE (50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA) 
RESULTS
256
YscDc has an FHA fold 257 YscDc was overexpressed in E. coli, purified to homogeneity, and crystallized. The 258 crystal structure of YscDc was determined by single wavelength anomalous dispersion and 259 refined to 2.52 Å resolution limit (Table S1 ). The structure revealed that YscDc has a typical
260
FHA domain fold, characterized by a β-sandwich composed of 10 β-strands that form two sheets 261 (Fig. 1) . The structure agrees in detail with that recently reported by others (rmsd 0.3 Å, 107 Cα)
262
(34). The two sheets, one of which is six-stranded (β2β1β10β9β7β8) and the other four-stranded
263
(β4β3β5β6), pack against one another through hydrophobic side chains that form the 264 hydrophobic core of the domain. All the strands are antiparallel, except for the short β4 strand, 13 which runs parallel to the β3 strand. Along with the β4 strand, the β7, β8, and β9 strands are also Most but not all FHA domains specifically bind phosphothreonine residues. The 291 interaction with phosphothreonine occurs primarily through a serine located on L4 that is three 292 residues upstream of the conserved His (Fig. 1c, red to a sequence from the putative C-ring protein Spa33 (6, 39). However, a different study using
321
NMR titration reported no interaction between MxiGc and up to 50 mM phosphothreonine (37).
322
Lastly, it is worth noting that the sequences of YscD L3 and L4 are highly similar or 323 nearly identical among orthologs in the Ysc subfamily, but quite dissimilar from PrgH, MxiG,
324
and EscD (Figs. 2b, c) . Consistent with this, L3 and L4 diverge the most structurally between
325
YscDc and MxiGc (Fig. 2d) To determine whether L3 and L4 are required for function, we substituted residues in 332 these loops with alanines. Five sequential surface-exposed residues of L3 were substituted with 333 alanines (Ser28, Asp29, Pro30, Leu31, and Gln32), as were four sequential surface-exposed residues of L4 (Asp39, Ser40, Glu41, and Ile42) (Fig. 3a) . In addition, single-site alanine 335 substitution mutants were created in L4 at D39 and S40, and owing to the importance of serines 336 in FHA domains for interactions, a single-site alanine substitution was also created at S38.
337
To assay the functional effects of these mutations, we created a strain of Y. induced by arabinose (Fig. 3b) , indicating that the deletion of yscD was nonpolar. The 343 concentration of arabinose was empirically varied to mimic the level of expression of 344 endogenous YscD, as determined by Western Blot using anti-YscD antibodies (Fig. 3b) . The alanine substitutions were produced at levels equivalent to wild-type YscD, but were found to be 349 deficient for T3S (Fig. 3b) . The single-site D39A and S40A substitution mutant appeared to be 350 slightly attenuated for T3S, while S38A behaved like wild-type YscD for T3S. These single-site 351 mutants were also produced at levels equivalent to wild-type YscD.
352
Because the L3 and L4 substitutions are located on surface loops of YscD, it seemed 353 unlikely that substitutions of these loops would affect protein structure or stability. Nevertheless,
354
we examined the physical consequences of the L3 and L4 substitutions. The substitutions were 355 introduced into YscDc, and these mutant proteins were produced in E. coli, purified, and 356 subjected to analysis by circular dichroism (CD) (Fig. 3c) . YscDc L3 and L4 were found to have 17 CD spectra that were unchanged between 4° and 37 °C and similar to those of wild-type YscDc. were common to all of the samples (Table S2 ).
375
We found that wild-type YscD associated with YscJ, its expected partner, but also the 376 effector protein YopH (48) (Fig. 4) expected peak area of ~1.8 x 10 4 ).
387
The L3 and L4 substitutions maintained association with YscJ. The continued presence for the L3 and L4 substitution mutants was due to increased rather than decreased association 393 between YscD and other T3S components.
394
The increased association of the L3 and L4 substitution mutants with T3S components encoded wild-type YscD had no significant effect on secretion (Fig. 5) . However, expression of 399 YscD L3 and especially YscD L4 were found to suppress secretion (Fig. 5) 
